public and private swimming pools, there has been an increasing demand for better methods to control the growth of algae in swimming pools. There are a number of articles listing chemicals possessing toxic properties to algae (Fitzgerald et al., 1952; Foter et al., 1953; Palmer and Maloney, 1955; Greenwald, 1956; Palmer, 1956) , some of which have been found useful for algal control in swimming pools. This work reports on tests of the bactericidal and algicidal properties of some common chemicals, both pure and commercial products, used to control contamination in swimming pools. An attempt has been made to evaluate the bactericidal properties of the chemicals in relation to chlorine under conditions approaching those in swimming pools. The algicidal properties of the chemicals were measured by determining the concentration of the chemicals required to kill three different types of algae. These concentrations were compared with the initial dosage rates recommended for the commercial products. From the results of these tests it is hoped that the problems in the field can be better understood and research for improved chemicals and their application will be stimulated.
EVALUATION OF BACTERICIDAL PROPERTIES

Materials and Methods
For these tests, Standard Methods for Examination of Water, Sewage, and Industrial Wastes (APHA, 1955) was followed for dilution, plating, incubation, and counting.
All results reported were obtained by testing all the I Present address: Hydraulic and Sanitary Laboratory, University of Wisconsin, Madison, Wisconsin. chemicals listed with one concentration of bacteria at a time. The tests were made at room temperatures (23 to 26 C), with a reaction time of 1 hr. Settled raw sewage was used as a source of bacteria and fungi. The following procedure was used for each test:
1. Contaminate water (100 ml phosphate buffer, pH 7.2, Standard Methods, p. 367) with settled sewage.
2. Add test chemical to 100-ml samples of contaminated water.
3. Allow 1-hr reaction time, with frequent shaking. 4. Transfer 1-ml samples to duplicate sterile Petri dishes, add 10 ml of tryptone glucose extract agar (Standard Methods, p. On the basis of the results obtained, the chemicals could be ranked as to their bactericidal properties in the order: Algimycin, chlorine, Algae-Nox, Exalgae, copper, Algae-Kill, Hyamine-2389, and Berkite no. 4. It must be pointed out, however, that these tests do not measure the actual bactericidal properties of the chemicals tested, but only of the concentrations of the chemicals suggested for use in swimming pools.
In a limited number of experiments, the numbers of colonies appearing in the Petri dishes were recounted after additional 24-hr or more periods of incubation at 35 C or at room temperatures. The results showed no significant change in bacterial colony numbers in any of the treatments, indicating that the actions of these chemicals was bactericidal rather than bacteriostatic.
Further information on the nature of the action of the chemicals tested was obtained by comparing the numbers of colonies which developed in undiluted and diluted (1:50) samples. Using a colony counter, a rough approximation of the number of colonies could be obtained in even the more dense populations, and it was found that these values corresponded quite well with the number of colonies counted in the 1:50 dilutions of the same sample. These results indicate, therefore, that the chemicals tested were killing the bacteria present, rather than merely inhibiting their growth.
EVALUATION OF ALGICIDAL PROPERTIES
Mllaterials and Mllethods
The tests reported were carried out by (a) inoculating with algal cells 50 ml of culture medium in 125-ml Erlenmeyer flasks, (b) adding the concentration of the chemical to be tested, (c) culturing the algae under continuous light (150 ft candles) at 23 C in an algal culture room, and (d) making visual comparisons between the growth of algae in untreated and treated cultures for as long as 30 days.
Three species of algae were used to test the algicidal properties of the chemicals tested: a green alga, Chlorella pyrenoidosa, capable of causing water to appear "pea soup green;" a blue-green species of Oscillatoria, isolated from an unsuccessfully treated swimming pool in Fresno, California, which grows as black balls or mats on the bottom of culture vessels, and thus is referred to as "black algae;" and another blue-green, a species of Phormidium, isolated from a pool in Milwaukee, Wisconsin, which grows on the walls of the culture vessel and is referred to as "Square D algae."
The size of inoculum in the case of C. pyrenoidosa was such as to give a concentration of 500,000 cells per ml in the inoculated medium. The inoculum used in the Algicide concentrations case of the two blue-green algae was several, barely visible clumps per flask of inoculated medium.
Two different media have been used. Three series of tests were run in Allen's (1952) medium, a fairly concentrated (178 mg N per L), neutral (pH 7) medium. One series of tests was run in a more dilute (21 mg N per L), alkaline (pH 9) medium (Fitzgerald et al., 1952) . There was generally less growth per unit of time in the latter medium as compared to the more concentrated medium.
Results
Observations on the growth of the algae were recorded at various times up to 30 days, but for brevity only the final results are reported. It was found that with some concentrations of chemicals there was a regrowth of algae in the cultures after the first 2 weeks following treatment, but there was little change in the growth of the algae between the third and fourth week. The concentrations of the chemicals tested varied from test to test since unexpectedly high concentrations were sometimes required to kill the algae. Only the tests in which all of the chemicals were tested on the same source and size of inoculum and at the same time are reported. Many additional tests have been made with some of the chemicals, but for brevity it is sufficient to state that all results were in the same order of magnitude as those reported here.
The data indicate that there was much variability in the results in comparing one test with another. In some instances, this variability may have been due to different ages of inoculum. In the cases of the first three tests using Exalgae with black algae, and all of the tests using Berkite no. 4 with Chlorella, the highest concentrations listed initially controlled the growth of the algae, but after a period of time there was a regrowth of algae, and it had become profuse by 30 days. Such results indicate that to be effective these algicides must be added at frequent intervals, since they apparently readily lose their effectiveness in comparison with the other algicides. In general, less chemical was required to kill the algae tested in the alkaline (pH 9) medium as compared to the neutral (pH 7) medium. These results do not indicate, however, that the algicides were less effective due to the difference in pH, since the growth rate was also lower in the alkaline medium.
On the basis of the results obtained, the commercial algicides could be ranked as to their algicidal properties in relation to the recommended initial dosage rate in the order: Algimycin, Algae-Nox, Exalgae, Hyamine-2389, Algae-Kill, and Berkite no. 4. With the exception of Hyamine-2389 and Algae-Kill, which reverse their positions, the relative algicidal properties of the commercial products follow the same order found above for their bactericidal properties. Copper was required, as a rough average, at a concentration of about 6 mg per L, which corresponds to about 24 mg per L of commercial copper sulfate (CuS04 5H20). DISCUSSION The evaluation of the bactericidal or algicidal properties of a chemical must take into account a number of factors that will be of importance in the application of the chemical. The organisms with which the chemical is tested must be representative of what may be present under field conditions. The conditions under which the chemical is used must test definite properties of the chemical. The chemical itself must be representative of those used in the field. Also, the concentrations at which the chemical is used should be selected so as to test properties of the chemical pertinent to its field application.
The type of bacteria to be used in tests of this nature is open to question. Preuner (1957) and Robinton et al. (1957) have studied the bacteria found in swimming pools, but there is a question as to whether the bacteria that might be found in a swimming pool should be of as much concern as a source of bacteria that would be more apt to contain pathogens related to the human environment. It was felt that sewage might contain most of the organisms found in swimming pools under the poorest of management procedures, as well as pathogenic organisms that would normally exist in a pool for only short periods, but still long enough to contaminate bathers in close contact.
The concentrations of bacteria tested were such as to indicate the highest concentration that could be controlled by the different chemicals. These concentrations appear to be considerably higher than those found in swimming pools, but were required to differentiate between the more effective bactericidal chemicals tested. In obtaining chemicals for testing, an attempt was made to get representative types of chemicals. Palmer (1956) has mentioned the active ingredients of most of the algicides used at present. Unfortunately, the commercial products tested did not represent all the possible active ingredients, but it was felt that those tested were quite representative of the majority of the chemicals in use.
In measuring the bactericidal properties of the chemicals tested, only those concentrations of chemicals that were recommended for application to swimming pools were reported. No attempt was made to study the general bactericidal properties of these chemicals since their main function in pools was to control the growth of algae.
The length of time bactericidal tests should be run would depend upon the purpose of the tests. In the case of swimming pools, the organisms present would be subjected to the chemicals added until the chemicals had been inactivated or adsorbed out of solution, such as through a pool filter. It was felt that 1-hr treatment would allow enough time for slowly absorbed chemicals to be effective and might be representative of the length of time some of the chemicals would stay in solution in a pool. However, no data on the length of time the toxic ingredients of the chemicals might be active were available to the author.
In the case of chlorine as a bactericide, it is well known that to be effective chlorine must be maintained at a high free residual concentration (1.0 mg per L) (Butterfield, 1948; Friberg, 1957; Robinton et al., 1957) . In the tests reported here, an initial concentration of 1.0 mg per L free available chlorine was used, and, except for the two highest concentrations of bacteria, the concentration of free available chlorine at the end of the treatment period (60 min, about 24 C) was at least 0.5 mg per L. Thus, the tests were run under conditions such as might prevail in a swimming pool with a maintained free, available chlorine concentration of between 0.5 and 1.0 mg per L. With these conditions as a standard, the results obtained with the other chemicals can be compared to the actual bactericidal properties of chlorine under operating conditions in a swimming pool.
It has been pointed out that the initial and weekly dosage rates of Algimycin were more effective as bactericides than was chlorine under the conditions of these tests. This fact would be of prime importance in a situation where it was very difficult to maintain a free chlorine residual.
The other algicides could be ranked as previously described, with copper (5 mg Cu per L) being intermediate to the others. The results of the tests with copper were as expected. Watson and Bollen (1952) reviewed the toxicity of copper to microorganisms and found that varied results could be obtained depending upon the species of bacteria present and the physical conditions of the tests. In the present tests, with a large number of different bacteria present, it is understandable that 5 mg per L of copper might inhibit almost 90 per cent of the population. However, it is not recommended at such a high concentration for use in swimming pools. The toxicity of quaternary ammonium compounds to bacteria has been investigated by several authors. Chambers et al. (1955) , Cousins and Clegg (1956) , and Guenther and Sproessig (1956) found that the hardness of the water will affect the bactericidal properties of quarternary ammonium compounds. This would be of prime importance in making recommendations for the use of these compounds in different parts of the country. Anderson and Yackovich (1955) found that quaternary ammonium compounds were more bactericidal than bacteriostatic, as was found in the present report. In general, the use of quaternary ammonium compounds in swimming pools for the control of algae will aid in the control of the bacteria present.
Several authors have pointed out that the amount of chemical necessary to kill algae is dependent upon the species of algae present (Fitzgerald et al., 1952; Jung, 1952a,b; Foter et al., 1953; Palmer and Maloney, 1955; Palmer, 1956 ). The selection of algae used in the tests reported here was made, therefore, to include species of algae that could be expected to contaminate swimming pools. Chlorella was included as a representative of the unicellular green algal species that might appear. The growth of blue-green algae in swimming pools has been reported by Bussy (1950) , but the species he mentioned (Entophysalis rivularis) was not closely related to the blue-green algae used in the present study. However, the species of Oscillatoria and Phormidium, referred to as black algae and Square D algae, had been found to be very resistant to previous algicidal treatments and, because they were isolated from different parts of the country, were considered to be representative of bluegreen algae which might contaminate pools. Of the algae tested it would appear that the Oscillatoria species from California, black algae, was the most resistant to any of the chemicals tested, but could be controlled with sufficiently high concentrations of the chemicals.
The data presented indicate that there were differences in the algicidal properties of the chemicals tested in relation to the recommended initial dosage rates. Thus, to kill the algae under the conditions of these tests the chemicals could be ranked approximately as to the proportion of the recommended initial dosage rate. For instance, approximately 0.5 the recommended initial dosage rate, or 2.5 mg per L, of Algimycin was required, whereas about 7 times the recommended initial dosage rate, or 35 mg per L,, of Berkite no. 4 was required for algae control. It must be emphasized, however, that under normal conditions these chemicals are added to pools at frequent intervals and not as one shot applications. Thus, by either increasing the dosage rates or adding the chemicals at frequent intervals, algal growths could probably be controlled by any of these chemicals.
As in the case of testing the bactericidal properties of chemicals, the effectiveness of a treatment will depend upon the amount of algae present. Therefore, the amount of algicide for the intitial dose should be enough to kill all the algae present in the pool and additional treatments should be made to maintain control of the algae. If the concentration of algae in the pool builds up between algicide treatments, it can be assumed that either a higher initial dosage rate or more frequent applications must be used.
The type of active ingredients used in algicides for swimming pools will influence the amount of the chemical necessary for initial algae control and the frequency of application. In the case of a quinone-type chemical, 2, 3-dichloronaphthoquinone, it was found that, if enough chemical had not been added to completely eliminate the algae present in a small lake, within 48 hr the concentration of algae present had returned to its original level (Fitzgerald and Skoog, 1954) . Thus, this type of compound appears to have little "holding" or algistatic properties, whereas it was shown to have excellent selective algicidal properties. In contrast, Bussy (1950) reported that one type of quaternary ammonium compound kept a pool free of algae, but had little effect when algae were already present. He also found that there was a tendency for resistant algae to develop in a pool treated with another quaternary ammonium compound. This was also reported to be the case in Holland by Jung (1952a) . Jakob and 'Nisbet (1953) found that there was more than one threshold value for toxicity of quaternary ammonium compounds to algae, above and below which the algae were capable of normal development. This situation was not observed, however, in the tests reported here.
The amount of copper that was required to kill the algae used is considerably higher than that recommended by several authors (McIntyre, 1949; Jackson, 1951; Palmer, 1956; Mackenthun, 1958) , but was within the range suggested by Jung (1952b) . Such high concentrations may have harmful effects on the bathers or their clothes (Jung, 1 952a; Koch, 1952) . Since copper is readily precipitated from solution under certain conditions, frequent applications with lower concentrations may be found to be effective. MIcIntyre (1949) suggests treating swimming pools alternately with copper and chlorine to prevent the growth of algae that might develop resistance to either chemical with continuous treatment.
The general results of the tests reported here and by other authors have been that the chemicals used in swimming pools for the control of algae display bactericidal as well as algicidal properties. The importance of the bactericidal properties of these chemicals should not be underemphasized, since they could maintain bacterial control under circumstances where a free chlorine residual could not be kept on a 24 hr basis.
The present tests have dealt essentially with the algicidal properties of the chemicals tested. Chemicals with algistatic properties, however, may be of equal importance. The control of algal growths must be continuous, since algae enter the pools at all times. Thus, treatments with an effective algicide are necessary to kill the existing population of algae, but there must also be some algicide available at all times to kill the algae entering the pool after the initial treatment. The length of time between the additions of an algicide will depend upon how long it is available in sufficiently high concentrations. If a chemical is removed by oxidation or absorption by the pool filter, it must be added more frequently than one that forms a more stable solution. At present there appear to be no data available on the comparative effective life of the various chemicals in swimming pools. As an alternative to maintaining the concentration of algicide in the pool, it might be useful to investigate the use of algistatic chemicals to control the growth of algae between treatments with an algicidal chemical.
SUMMARY
The bactericidal properties of the recommended initial and weekly concentrations of six commercial algicides have been tested using sewage bacteria. The results were compared with those obtained with 1.0 mg per L free, available chlorine and 5.0 mg per L copper under the same conditions. On the basis of the results obtained, the chemicals could be ranked as to their bactericidal properties in the order: Algimycin, chlorine, Algae-Nox, Exalgae, copper, Algae-Kill, Hyamine-2:389, and Berkite no. 4. The algicidal properties of the six commercial products and copper were determined with three species of algae in two different media. In these tests the amount of chemical required to kill the algae was determinied. In relation to the recommended initial dosage rates, the commercial products could be ranked: Algimycin, Algae-Nox, Exalgae, Hyamine-2389, Algae-Kill, and Berkite no. 4.
